We have performed a systematic high-momentum-resolution photoemission study on ZrTe5 using 6 eV photon energy. We have measured the band structure near the Γ point, and quantified the gap between the conduction and valence band as 18 ≤ ∆ ≤ 29 meV. We have also observed photonenergy-dependent behavior attributed to final-state effects and the 3D nature of the material's band structure. Our interpretation indicates the gap is intrinsic and reconciles discrepancies on the existence of a topological surface state reported by different studies. The existence of a gap suggests that ZrTe5 is not a 3D strong topological insulator nor a 3D Dirac semimetal. Therefore, our experiment is consistent with ZrTe5 being a 3D weak topological insulator.
I. INTRODUCTION
In the past decade, topological materials such as 2D and 3D topological insulators (TI) [1] [2] [3] and 3D Dirac and Weyl semimetals [4] [5] [6] [7] [8] have been continuously attracting the interest of the condensed matter physics community, because of their unique band structures 2,4-8 and transport properties 1 . Known for its large thermo-power and resistivity anomaly [9] [10] [11] [12] , and for the recent discovery of a superconducting phase under high pressure 13 , ZrTe 5 is a new promising platform to study topological phase transitions.
Density functional theory (DFT) calculations have predicted ZrTe 5 to be a 3D strong TI with the experimentally-determined inter-layer lattice parameter, and to be a 3D weak TI with the lattice parameter 2% enlarged 14 . In the weak TI scenario, the material exhibits an energy gap between the conduction band (CB) and valence band (VB). In the strong TI scenario, the CB and VB are inverted near Γ, which leads to the formation of a gapless topological surface state (TSS). Between the two cases, there is a lattice parameter where the 3D weak TI to strong TI phase transition happens, and the bulk CB touches the VB to form a bulk Dirac cone, which is the 3D Dirac semimetal scenario 15 . The parameter sensitivity within such a small range makes it challenging to experimentally establish whether ZrTe 5 is 3D weak or strong TI. These scenarios are distinguished by measuring the band structure of ZrTe 5 near the Γ point to determine whether there is a finite band gap and whether there is a TSS.
The discovered chiral magnetic effect in ZrTe 5 16 and some photon-energy-dependent ARPES measurements 16, 17 suggested a 3D Dirac semimetal band structure. Magneto-optical 18, 19 and transport 20 measurements also suggested the possibility of ZrTe 5 being a 3D Dirac semimetal. On the other hand, a subsequent ARPES study resolved the CB by dividing the spectrum by the Fermi-Dirac function 21 ; combined with complementary STM results, the study reported a 100 meV gap and concluded that ZrTe 5 is a 3D weak TI. Another STM measurement reported an 80 meV gap 22 . An ultrafast 2-photon-photoemission measurement directly measured the unoccupied CB, and estimated a 50 meV upper bound to the gap size 23 . An ARPES measurement performed at 2 K estimates the gap to be 40 meV 24 . Based upon these different results, a more definitive measurement of the gap size is needed to understand the topological categorization of ZrTe 5 .
An important related aspect is the existence of a TSS. One recent ARPES study reported splitband structure 25 , and combined with photon-energy dependence 15 concluded that ZrTe 5 is a 3D strong TI with gapless TSS. On the other hand, another study reported no TSS, despite also performing photon-energy dependent experiments 26 . Hence, a unified interpretation is needed to reconcile these discrepancies.
In this paper, we have measured the CB and VB of ZrTe 5 near Γ, and quantified a gap 18 ≤ ∆ ≤ 29 meV, using a high-momentum-resolution laser-ARPES setup with 6 eV photon energy. The gap size is smaller than that reported by former ARPES and STM studies [21] [22] [23] [24] . As ZrTe 5 's band structure exhibits a binding energy shift as a function of temperature 12, 23, 24 , we have performed a thorough temperature-dependent measurement, to determine a suitable temperature for gap analysis. At the same time, we have discovered that the binding energy shifts with a slope nearly identical to that of the work function, which we attribute to a temperature-dependent doping change. Finally, we examine the spectral difference between ARPES measurements performed at different photon energies; we attribute this difference to finalstate effects and the 3D nature of ZrTe 5 's band structure. By doing so, we confirm the gap between the CB and VB is not due to some specific out-of-plane momentum k b , and conclude that there is no TSS at Γ. The final-state interpretation reconciles the discrepancies of previous studies regarding the existence of TSS. Our result is consistent with ZrTe 5 being a 3D weak TI.
II. METHODS
Polycrystalline ZrTe 5 samples were first prepared by the direct stoichiometric solid-state reaction of high pure Zr (5N) with Te powder (5N) in a fused silica tube sealed under vacuum pressure around 4 × 10 −6 Torr at about 500
• C for 7 days. Then ZrTe 5 polycrystals and about 3 mg·cm −3 of high purity iodine (I2) were ground and loaded into an evacuated quartz ampoule, and then placed into a double zone furnace with a temperature profile of 450 ∼ 550
• C to grow crystals. The millimeter-sized strip single crystals with metallic luster were successfully obtained after growth of a period over 10 days 27 . The experimental lattice constants at 300 K are a = 3.9943Å, b = 14.547Å, and c = 13.749Å.
Samples were cleaved in situ at a base pressure lower than 5 × 10 −11 Torr. ARPES measurements were carried out using Scienta R4000 electron analyzer and a tunable Ti:Sapphire oscillator with photon energy quadrupling through two stages of second harmonic generation, to output 6 eV ultraviolet light. ARPES spectra were acquired over a photon energy range from 5.6 eV to 6.0 eV. The energy, angular, and momentum resolution for this setup are 8 meV, 0.3
• , and 0.004Å −1 respectively. Preliminary characterization was performed at the Stanford Synchrotron Radiation Lightsource. 
III. RESULTS
We show the band dispersion and energy contour maps of ZrTe 5 in Fig. 1 , which is measured at 20 K. Fig. 1(a-d) show the band structure measured along the k a -axis in momentum space, at different k c = 0, 0.03, 0.06, 0.12Å −1 . The cut (a) taken through Γ reveals that the VB is Λ-shaped with its top ∼ 50 meV below the Fermi energy (E F ), and the CB is V-shaped. Away from Γ, the CB disperses above E F and the VB disperses to lower energies, gradually evolving into an M-shape, as shown in Fig. 1(b-d) . Fig. 1 (e-i) show the constant energy contour mappings at different energies: E − E F = 0, −0.06, −0.11, −0.21, −0.31 eV. The small elliptical contour corresponding to the CB in Fig. 1 (e) gradually evolves to a single point between the CB and VB in Fig. 1(f) , and then to curved rectangle corresponding to the VB in Fig. 1(g-i) . The band dispersion and energy contour maps together reveal that both the CB and VB are cone-like near Γ.
In Fig. 2 , we quantify the band dispersion by fitting the momentum distribution curves (MDCs) in a small range around Γ. We take MDCs at different binding energies and fit each MDC with a function composed of two Gaussian-form peaks plus a Gaussian background. We choose three binding energies in Fig. 2 (a)(red dashed lines) and plot the MDCs in Fig. 2 
(b-d)(blue crosses).
We can see in Fig. 2 (b-d) that the fitting function adequately fits the MDCs (red solid curves). The fitted peak positions are plotted in Fig. 2 (e), capturing both CB and VB; a 0.004Å −1 linewidth and 15 meV lifetime at E F is given by the fitting. Near the top of the VB and the bottom of the CB where peaks are overlapping, there is a large uncertainty to fit the peak positions, so we avoid this energy range in the analysis.
In order to quantify the gap between the CB and VB, we use two different models to fit the band dispersion. First, we linearly fit the bands and obtain the VB and CB velocities as 3.3 eV·Å and 4.1 eV·Å, respectively. By extrapolating both the CB and VB we obtain a gap of 18 meV (Fig. 2(e) ). Since the linear extrapolation neglects the fact that both the VB top and the CB bottom should have a finite curvature, this fitting model underestimates the gap size. To capture the finite curvature in the vicinity of the gap, as well as the difference in band slopes, we considered a more complex model to fit both the CB and VB:
, where A is a coefficient related to the curvature of the band, inversely proportional to electron effective mass; B is an offset that determines E F ; ∆ is the gap between the CB and VB; and k 0 is a momentum offset considerably larger than the momentum range where data are fitted. The fitting is shown in a solid red line and gives a gap size of 29 meV (Fig. 2(e) ). The fitting has a larger deviation from the data near the gap, which yields an overestimation of the gap size. Considering the results from both models, we conclude that ZrTe 5 possesses a gap 18 ≤ ∆ ≤ 29 meV between the CB and VB.
We have also conducted a thorough temperaturedependent measurement increasing from 20 K to 300 K with 10 K spacing, to study the binding energy shift as a function of temperature. This analysis shows that the gap is best studied at low temperature, where the CB is below E F . Fig. 3(a) plots MDC-fitted band structures at five different temperatures; the band shifts monotonically to higher energy with increasing temperature. For each temperature, the VB top was extrapolated based on a linear fitting, as shown in Fig. 3 (a)(dashed lines) and (c)(blue squares). The shading in Fig. 3(c,d) highlights the temperature region where the VB top crosses E F . In order to understand the origin of this temperaturedependent binding energy shift, we also measure the corresponding work function, as shown in Fig. 3(b) . The momentum-integrated energy distribution curve (EDC) shows two intensity drops at both high and low energy. The high energy drop corresponds to E F ; the more abrupt intensity drop at low energy is the low energy cut-off, below which photo-excited electrons are not able to overcome the material's work function to be emitted from the sample. Thus, the corresponding energy E low is extracted and used to calculate work function: W = E low −E F +hν, where hν is the photon energy. The work function as a function of temperature is plotted in Fig. 3(c) (red circles) . As we can see, the work function has nearly the same slope with respect to temperature as the binding energy shift. For comparison, Fig. 3(d) shows the resistivity of ZrTe 5 along the crystallographic a-axis as a function of temperature. The resistivity peaks at 140 K, which is known as the resistivity anomaly 9-12 . Currently the most interesting question regarding ZrTe 5 is whether it is a 3D Dirac semimetal 16, 18, 19 , a 3D weak TI 21, 22 , or a 3D strong TI 15 . The most essential evidence to distinguish these scenarios is to determine whether it has a gapless Dirac cone near Γ, or a gapped state, and to determine the existence of a TSS. Previous ARPES measurements reported gaps ranging from 0 to 100 meV 17, [21] [22] [23] [24] . In the case of zero gap 17, 22 , the CB was not resolved, making it difficult to have a conclusive measurement concerning the existence of a gap. As for the remaining works with gaps ranging from ∼ 100 meV 21, 22 to below 50 meV 23, 24 , the variability could be attributed to measurements taken at k b = 0, differences in resolution, or subtle differences in lattice parameter 14 . We have measured a gap 18 ≤ ∆ ≤ 29 meV, smaller than previously reported, setting a new benchmark in the studies of ZrTe 5 with gapped band structure.
Another interesting note is that the 0.004Å
linewidths we extract from the MDC fitting are among the smallest linewidths ever measured by ARPES, even compared to what have been reported on the TSS of TIs 28, 29 . Therefore, the high-momentum-resolution ARPES measurement enables us not only to quantify a smaller gap, but also to resolve a small linewidth, which might indicate weak quasi-particle scattering in ZrTe 5 28,29 .
B. Binding Energy Shift & Resistivity Anomaly
Our temperature-dependent measurement goes down to temperatures low enough to directly see the CB, which is critical for quantifying a gap. Moreover, the binding energy shift as a function of temperature shows nearly identical slope as that of the work function change, implying a temperature-dependent doping-level change, rather than a change in the crystal structure 10 . Interestingly, G. Manzoni et al. 25 show a nonmonotonic binding energy shift with a turning temperature at 150 K; Y. Zhang et al. 24 report a similar monotonic binding energy shift as us from 300K to 2K; while L. Moreschini et al. 26 shows an opposite shifting direction. From these scattered results, we speculate that the temperature-dependence of the binding energy shift is highly dependent on the sample growth condition and/or surface condition. However, regardless of the mechanism of the temperature-dependent doping level, we believe it is directly correlated to the work function.
The resistivity peaks at 140 K, falling into the shaded region in Fig. 3(c) , indicating a direct correspondence between the photoemission result and transport measurement: when the top of VB crosses E F , the density of states at E F is minimal, which is consistent with a maximum in resistivity 12, 23, 24 .
C. Final-state Effect & 3D Nature of Band Structure
In order to make sure the gap is not due to a specific out-of-plane momentum k b , we have investigated the band structure using different photon energies 5.90 eV and 5.64 eV (Fig. 4(f,g) ): the gap sizes using the linear extrapolation method are 18 meV and 19 meV for 5.90 eV and 5.64 eV, respectively, therefore consistent across different photon energies. However, we observe significant difference between the two spectra measured: the 5.90 eV spectrum shows a sharp Λ-shaped band; the 5.64 eV spectrum shows the Λ-shape band with reduced intensity, but at the same time, there is an M-shaped band ∼ 140 meV below the top of the VB.
We interpret the spectral difference as a final-state effect, and due to the 3D nature of ZrTe 5 's band structure 26 . For the following discussion, we adopt the more general convention for ARPES, using k || and k ⊥ to describe the in-plane and out-of-plane momentum directions. In general, the spectrum measured by photoemission spectroscopy can be approximated as 31 :
(1) where |M if | is the matrix element between initial state and final state, which we assume is constant in the following discussion 31 ; A i (A f ) is the initial state (final state) spectral weight; k || and k ⊥ denote the in-plane and outof-plane momentum; and hν and ω are the photon energy and the electron initial state energy, respectively. The final-state spectral weight is represented by a Lorentzian function:
where E k || ,k ⊥ is the dispersion of final state, and Σ ′ (Σ ′′ ) is the real (imaginary) part of the self-energy.
If we define E k || ,k0 = ω + hν − Σ ′ and make a local linear approximation to the final state dispersion with 
hν=5.90eV hν=5.78eV hν=6.02eV 30 , each corresponding to the red rectangular region in (a-c). The red dashed curves are guides-to-the-eye following the intensity peaks, and the yellow arrow shows where the "momentum switching" occurs.
respect to k ⊥ = k 0 , we can express:
, so the finalstate spectral function could be expressed as:
where σ = Σ ′′ /v ⊥ ; and so we can evaluate the spectrum as:
In this scenario, the spectrum measured at each different photon energy will correspond to a distribution of initial state k ⊥ centered at k 0 with a finite width σ.
In addition, if the photon energy is not high enough, the emitted electrons are not completely free, but driven to unoccupied Bloch-like final states with flat dispersion 31 . This explains the possibility that even a small change in photon energy could induce a large shift of out-of-plane momentum k 0 , even a significant portion of Brillouin zone. This is completely different in the case of free-electron-like final state, where the final state dispersion has a larger slope. If we assume a free-electron final state probed with photon energy near 6 eV and consider an inner potential V = 16 eV 16 , and work function W = 4.6 eV, then for a change of ∆hν = 0.26 eV, the shift of out-of-plane momentum would be ∆k ⊥ = 0.015Å −1 . This is only ∼ 5% of the Brillouin zone in ZrTe 5 , which would not cause a significant spectral change. Therefore, the large spectral change observed experimentally is related to Bloch-like final states.
We build a toy model for ZrTe 5 to illustrate this interpretation, as shown in Figure 4 . As the sample is cleaved along the a-c plane, the out-of-plane momentum k ⊥ for ZrTe 5 is k b . We have phenomenologically constructed an analytic form for the band dispersion to qualitatively reproduce our experimental spectra. The dispersion along the k a -axis at different k b is shown in Fig. 4(c) ; it captures the Λ-shaped band and the M-shaped band measured in Fig. 4(f,g) , which are the extrema of the band dispersion along k b . For 5.90 eV photon energy, electrons are excited to final states that are not completely free (Fig. 4(a) ); considered the Lorentzian broadening, the simulated spectrum shows a prominent Λ-shaped feature (Fig. 4(d) ). For 5.64 eV photon energy (Fig. 4(b) ), considered the Lorentzian broadening and the large outof-plane momentum shift after changing photon energy, the simulated spectrum shows both Λ-shaped and Mshaped features (Fig. 4(e) ). The figures at the bottom of Fig. 4(a,b) qualitatively visualize the large out-of-plane momentum shift of the initial state contribution at the two photon energies. The parameters shown in the figures are chosen to reproduce the experiments. Comparing the simulations in Fig. 4(d,e) with the experiments in Fig. 4(f,g) , we can see the model based on final-stateeffect explains the data very well.
Hence, the spectral difference between 5.64 eV and 5.90 eV could be sufficiently understood in terms of a final-state effect 31 . The photon-energy-dependent spectra reflect the material's intrinsic 3D band structure, and the consistency of gap size indicates the gap between the CB and VB is representative of the true band-gap, as each spectrum contains a finite contribution from k b = 0.
Our final-state-effect interpretation may even reconcile discrepancies regarding the existence of a TSS raised by recent ARPES studies 15, 25, 26 . G. Manzoni et al.
15
interpreted the Λ-shaped band as a TSS due to k b independent spectral weight at a particular binding energy. However, the band dispersion with respect to k b (shown by our model in Fig. 4 (a) and supported by DFT calculations 14, 15 ) features a near-isosbestic point at k a ≈ 0.04Å −1 . Therefore, even bulk bands in the vicinity of this momentum are expected to exhibit little k b dispersion, which complicates the assignment of surface bands. On the other hand, L. Moreschini et al. 26 clearly resolve the Λ-shaped band evolve into an M-shape as a function of k b , with no indication of a surface band. This result is consistent with the interpretation of our spectra being characterized by bulk bands modulated by finalstate effects.
In fact, the relevance of final-state effects is unambiguous when we look at momenta further from Γ (Fig. 5) . In Fig. 5 we show spectra with a larger momentum and energy range taken at three different photon energies. From Fig. 5(a-c) we see what appears to be multiple bands (as indicated in the red rectangular regions), similar to the splitting recently reported 25 . To make the multiple bands more visually noticeable, we use the minimum gradient method 30 to process the red rectangular region in each spectrum, as we plot in Fig. 5(d-f) . The resulting dispersions cannot be well described as two distinct bands, as the bands "twist" around each other (as guided by the red dashed curves), and seem to "switch momenta" at certain binding energies (as indicated by the yellow arrows), which change roughly by the same amount as the difference in photon energy. This behavior suggests that the spectrum is modulated by the structure of final states 32 , and therefore cannot be understood solely in the context of a well-defined initial state dispersion. More detailed calculations involving electron final-states are required to fully understand this complexity 33 .
V. CONCLUSIONS
In this paper, we report a systematic high-momentumresolution 6 eV-laser photoemission study on ZrTe 5 . We have measured a clear band structure near Γ, and quantified a gap 18 ≤ ∆ ≤ 29 meV between the CB and VB.
The temperature-dependent study shows nearly identical slopes of binding energy shift and work function change, indicating a temperature-dependent doping-level variation instead of a structural change. We have also studied the spectral difference between different photon energies and attributed it to a final-state effect, which reveals the 3D nature of ZrTe 5 's band structure. This interpretation suggests that there is a finite band gap between the CB and VB. This leads us to conclude that ZrTe 5 is neither a 3D strong TI, nor a Dirac semimetal. However, our observations are consistent with it being a 3D weak TI, though we cannot verify the existence of topological edge states 21, 22, 24 . It is also worth mentioning that the measured band structure seems extremely sensitive to the material's lattice parameter 14 , and there are studies proposing a topological phase transition in ZrTe 5 by changing the interlayer lattice parameter 15, 24 . Therefore, an interesting subject of future research would be to measure the band structure as a function of a tunable applied strain 14 .
